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Instantaneous frequency measurement subsystems (IFM) are widely used support modules for electronic warfare and electronic intelligence applications. These systems typically provide submicrosecond estimation of the central frequency of a received microwave signal over a broad bandwidth, thus serving as a first step toward characterizing activity in the electromagnetic spectrum and detecting potential threats, such as in RADAR warning equipment [1] .
So far, IFM devices have relied on digital and analog electronics [1, 2] . It is for that reason that alloptical approaches have recently attracted much attention, seeking to develop simpler systems with the inherently high bandwidth and electromagnetic immunity of optical technology [3] [4] [5] [6] [7] [8] . The basic operation principle behind these photonic techniques consists in establishing a unique relationship between input frequency and the ratio of two measured powers. This mapping between frequency and power (which can be either optical or RF), is commonly referred to in the literatue as amplitude comparison function (ACF) [3] . Since detection of RF power relies on expensive electronic devices, such as digital logarithmic video amplifiers, optical power-based approaches stand out as a promising alternative that only require the use of low-speed photodiodes and simple electronics. Several of these all-optical approaches * Corresponding author: jasanfan@upvnet.upv.es have been experimentally demonstrated so far, including IFM systems using photonic Hilbert transforms [4] and complementary filter pairs [5, 6] . Moreover, some photonic integrated circuits (PICs) for IFM have also been recently reported [3, 7] , which can be considered as part of the emerging field of integrated microwave photonics [9] .
In this work, a PIC-based system for estimating the frequency of a CW microwave signal is experimentally demonstrated. Exploiting the complementary responses of a ring-assisted Mach-Zehnder interferometer (RAMZI) filter monolithically integrated in InP, a nonambiguous frequency measurement range of 10 GHz (5-15 GHz) is achieved. Besides, an experimental root mean square value (RMS) of the frequency error lower than 200 MHz is demonstrated over the same bandwidth. Additionally, simulations showing the negative impact of a residual optical carrier on system performance are provided. Thanks to the great flexibility in both active and passive integration boasted by InP technology, this approach holds great promise for enabling future photonics-based IFM systems with lower cost and complexity over current electronic solutions.
The operation principle behind our IFM system was first proposed and demonstrated by Zou et al. [5] . First, an optical carrier is introduced into a low-biased MachZehnder modulator (MZM) driven by a CW microwave signal with unknown frequency. Since the optical carrier is greatly suppressed because of the low bias, a double- sideband suppressed-carrier (DSB-SC) modulation with two sidebands that are ±f m away from the optical carrier (f 0 ) is generated. The signal is then introduced into a complementary optical filter. This is, a filter where the sum of the optical powers present at its two outputs remains constant, such as in a MZI. We shall call the filter outputs as bar and cross. Now, since the sidebands at each output experience different attenuations (see Fig. 1 -a), two distinct optical powers are photodetected. Assuming perfect optical carrier suppression, it can be indeed shown that their ratio is independent of both laser and input RF power [5] . It only depends on the filter response and the modulation frequency of the input signal, which is precisely the parameter of interest. The resulting ACF obtained by using this technique can be expressed in its most general form as:
where f m is the microwave input frequency to be estimated, f 0 is the frequency of the optical carrier, and H(f )/G(f ) symbolize the complementary transfer functions of the filter (bar and cross, respectively). While the previously reported approaches based on complementary filters have relied on MZI-like structures [5, 6] , our RAMZI filter ( Fig. 2-a) interferometer loaded with one ring on each arm [10] . Because of its higher roll-off (faster transition between the passband and the stopband), the elliptic filter results into a steeper ACF as compared with a single-stage MZI (see Fig. 1-b) . As pointed out in [8] , this implies that a higher frequency resolution can be achieved for the same free spectral range (FSR), since ACF slope and frequency resolution are directly related. However, this comes at the expense of a reduction in the maximum monotonic bandwidth of the ACF. In this case, it is reduced from 50% of the FSR when using a MZI to nearly 25%. It must be noted that monotonicity and power independence of the ACF are fundamental conditions for unambiguously determining input frequency, since they allow to establish a unique mapping between the parameter of interest (f m ) and a measured power ratio.
The experimental procedure can be described as follows. First, the filter transfer function is measured and adjusted to match as closely as possible its ideal simulated response. This is done by coupling an ASE light source into the chip while recording the filter transmission spectrum at the output with a high resolution Optical Spectrum Analyzer (OSA), and then normalizing it with respect to a reference waveguide present on the same chip. During this process, the filter response is manually adjusted by means of on-chip thermo-optic heaters, which allow for compensation of the optical phase errors that result from the non-uniformities of the fabrication process. After adjustment, the currents injected into the heaters are recorded and kept fixed, while the chip is maintained at a constant temperature (≃ ±0.1
• C) with a closed-loop temperature controller (Newport, LDT-5412) using a 10 kΩ NTC thermistor and a Peltier cell. The total estimated electrical power employed for chip tuning is 163.3 mW. Measured spectra after optimization are shown in Fig. 2-b , normalized with respect to the filter insertion losses. Its FSR is 0.375 nm (≃ 46.7 GHz @ 1550 nm), which implies a monotonic measurement range (≃ 25% of the FSR) of about 11.68 GHz. Filter insertion losses, as measured with respect to a reference waveguide located on the same chip, are around 6.5 dB [10] . Total insertion losses of the chip (input to output) are higher than 20 dB.
Once the filter has been optimized, the wavelength of a CW tunable laser (Yenista Tunics T100R, 15 mW) is first set to match the center wavelength of the filter (1551.684 nm). The optical source is then introduced into an external MZM (Sumitomo DEH1.5-40PD-ADC, V π =5.5 V, 30 GHz bandwidth) driven by a CW microwave signal (+7 dBm, Agilent PNA E8364A) and manually low-biased with a voltage source. The generated DSB-SC modulation is subsequently polarization filtered (TE mode) by a free space polarizer, and lenscoupled into the chip. After passing through the on-chip filter, the optical power is collected at the output with a lensed fiber (Yenista Optics) and directed into an optical power meter. Finally, the data is stored for further post-processing. Multiple data points are collected by conveniently automating the setup with a General Purpose Interface Bus (GPIB), so as to estimate temporal stability and frequency error uncertainty. A total of 20 frequency sweeps (from 0.2 to 20 GHz, in steps of 0.2 GHz) are performed over a 20 min interval for each individual output port (40 min in total).
The raw data is post-processed and 20 different ACF curves are obtained, one for each frequency sweep. Their sample mean is then calculated in order to get the best possible estimate of the system ACF. The result is plotted in Fig. 4-a (solid line) . As predicted by simulations, a measurement range of about 11 GHz (5-16 GHz) is obtained. Not only that, the peaks and dips of the ideal ACF shown in Fig. 1-b have been considerable reduced. In order to understand why this happens, note that the ACF shown in Fig. 1-b was obtained by simulating the behaviour of the setup under ideal circumstances. It was assumed that the optical carrier is completely suppressed and that the filter responses are perfectly implemented and have no losses. However, this is not the case in practice. First of all, the measured transfer functions of the filters do not present the same deep notches in the stopband. Second, there always remains a certain amount of optical carrier power after the low-biased MZM, which depends on the extinction ratio of the device. In fact, the presence of this residual power directly affects the shape of the ACF. The higher the optical carrier power relative to the power of the sidebands (measured as the Sideband-to-Carrier ratio, or SCR), the flatter and smoother the measured ACF is, since the power ratio tends to be more constant.
In order to account for this non-ideal behaviour, the SCR was measured during the experiments by directly connecting the output of the modulator to the OSA (Fig. 3) . Now, by combining both the non-infinite SCR and the real responses of the filters, a more realistic simulation can be run. Simulations for different input RF powers, a parameter which was not varied during the experiment, can also be obtained. The results are plotted in Fig. 4 -a, which clearly show a better agreement with the measured data and illustrate how the ACF gets flatter as the RF power is decreased.
Note that, due to the RF power dependence of the ACF, a unique calibration curve from where input frequencies can be inferred given a measured power ratio does not exit. If one of them is chosen as such, microwave signals with equal frequency but RF powers that differ from that used for calibration will result into a biased frequency estimate. Besides, any spurious power fluctuations (such as those caused by mechanical or thermal drifts), will lead to a spread in the measurement, typically characterized by a standard deviation. Both effects thus need to be taken into account when estimating the frequency error of the system. As the RMS value of the frequency error takes into account both effects (bias and standard deviation), it serves as a good figure of merit that gives an idea of the error statistics during the measurement process.
The RMS of the frequency error can be computed as follows. First, a fitting of the measured mean ACF (+7 dBm, solid line in Fig. 4-a) is chosen as the calibration curve for frequency estimation. As explained before, for every input modulation frequency used to test the system, 20 different power ratios were measured. Thus, 20 different frequencies can be estimated by looking up these ratios in the fitted curve. The difference between the resulting value and the one supplied by the Microwave Network Analyzer gives us the frequency error. Now, the RMS error can be computed and plotted against input frequency (triangles in Fig. 4-b) .
In order to extend this procedure for different RF powers, where no data is available, we must further assume that the fluctuations in optical power are similar as those measured during the experiment. By combining these with the simulated ACFs of Fig. 4 -a, an estimation of the RMS value for different input RF powers is obtained. In this case, the calibration curve chosen as a reference is the simulated ACF for an input RF power of +7 dBm. Final results are shown in Fig. 4 -b. The measured RMS error remains lower than 200 MHz for a bandwidth of about 10 GHz (5-15 GHz). This is mainly attributed to the effect of the different noise processes affecting the measured optical power. Also note that the frequency error rises around 5 and 16 GHz due to a reduction in the ACF slope. As regards the simulation data, variations of input RF power lead to a significant increase in error. At lower frequencies the simulated ACFs are similar to the reference curve. Thus, the bias error is low and the RMS error is mainly given by power noise. At higher frequencies, the ACFs tend to diverge so the bias contribution to the RMS error increases. In fact, an estimated RMS error above 600 MHz is obtained over the same bandwidth for a RF power of -3 dBm, which is just 10 dB lower as that used in the experiment. The measured frequency error in our experiment is similar to previously reported approaches based on integrated optics [3, 7] , with 93.6 MHz and 200 MHz, respectively. As an advantage, it only requires the use of low-speed photodiodes and simple electronics, as compared with [3] where RF power detection is employed. Moreover, operation is simpler and faster than that presented in [7] , since there is no need to sweep the chip temperature. On the other side, improvements in carrier suppression and reduction of random power fluctuations must be achieved in order to ensure a low frequency error. Thanks to recent advances in photonic integration, these impairments might well be solved in the near future, both by fitting all active and passive components on a single InP chip (reducing external noise sources) and applying advanced techniques for carrier suppression in integrated MZMs. In fact, suppression ratios as high as 39 dB have been recently reported [11] .
A photonics-based system that is capable of estimating the unknown frequency of a CW microwave signal has been reported. Its operation principle relies on exploiting the different attenuations that a dual-sideband suppressed-carrier optical modulation experiences when passing through a RAMZI filter integrated in InP. Using this approach, a frequency measurement bandwidth of 10 GHz (5-15 GHz) has been experimentally demonstrated, achieving a root mean square value of the frequency error lower than 200 MHz. Simulations have also been performed that demonstrate the negative influence of a reduced optical Sideband-to-Carrier ratio in system performance, with a RMS error above 600 MHz when the RF power is reduced by 10 dB. Similar to other optical power-based approaches, this system only requires low-speed photodetectors and electronics, and it could be easily integrated on a single InP chip. With further advances in carrier suppression techniques, InP technology presents a promising opportunity for the realization of future high bandwidth, all-optical and reduced footprint IFM systems. 
